Heavy metal pollution is a worldwide problem with many associated health risks, including bone loss, kidney damage, and several forms of cancer. There is a great need of bioremediation of these toxic metals from the environment, as well as implementing a monitoring system to control the spreading pollution. This study focuses on the bioremediation potential of Rhodobacter sphaeroides in the presence of the toxic gold chloride (AuCl 3 ). Growth characteristics of the bacterial cells exposed to a range of toxic gold concentrations were analyzed through the growth kinetics and the colony forming units under aerobic, photosynthetic, and anaerobic growth conditions. The localization of the gold particles within two cellular fractions, cytoplasm and the plasma membrane, are analyzed using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). Results of this study demonstrated the photosynthetic growth condition as best suited for the metal tolerance, compared to the aerobic and anaerobic growth conditions. Results also revealed the overall accumulation and localization of gold particles, while not different between the membrane and the cytoplasmic fractions increased at different concentrations of the gold contamination. The results of the localization under photosynthetic growth condition revealed the accumulation reached the highest very quickly, and an overall shift in localization of the gold particles from an equal distribution to an increase within the membrane fraction at the highest concentrations of gold contamination. The localization of the gold particles was validated by Transmission Electron Microscopy (TEM) where the results confirmed the increase in accumulation within the membrane, and photosynthetic membranes, of R. sphaeroides.
Introduction
The definition of heavy metals has differed over the years, beginning with defining heavy metals as metals with a density of five times greater than water [1] and then as metals with densities above 4 -5 g/cm 3 [2] [3] . There are about 30 metals and metalloids within the heavy metals group, including zinc (Zn), mercury (Hg), gold (Au), lead (Pb), cadmium (Cd), copper (Cu), silver (Ag), platinum (Pt), arsenic (As) and chromium (Cr), which have densities that are greater than 5 g/cm 3 [4] . Heavy metals may have a nutritional benefit to the organism as cofactors, such as zinc, magnesium, copper, chromium, or nickel, while other metals, such as lead, cadmium, mercury, arsenic, and gold, are not yet identified with any beneficial attributes to the organism [5] . Regardless of the nutritional benefit, all metals lead to toxic effects when accumulated in high concentrations in the cell. There are many factors that contribute to the toxicity of metals, which includes the concentration of the metal, the source of contamination, time of exposure, as well as the chemical structure [6] . There is a world-wide problem of heavy metal contamination that comes from a variety of different sources. These pollutants come from acid rain, the by-products of industrial effluents, gold mines, and metal ions that leach into the soil columns which all have detrimental effects worldwide [7] [8] . Each metal has a different concentration at which it is deemed to be toxic to both the environment and the human body, and there are a multitude of health risks, including bone loss, kidney and liver damage, neurological damage, as well as various types of cancer including skin and lung cancer [9] [10] [11] [12] [13] . Since the metal toxicity is dependent on numerous factors, some metals, such as chromium, cobalt and nickel, actually play important roles in various in metabolic processes as essential micronutrients, stabilizing molecules [14] and catalysts in enzymatic reactions [15] ; they also help regulate osmotic balance [16] and are used in redox reactions [17] .
Whether essential or non-essential, heavy metals become toxic to organisms at high levels, resulting in bioaccumulation, modifications of conformational structure of nucleic acids and proteins, damage to the DNA and cell membrane, and interference with the oxidative phosphorylation and osmotic balance [16] .
Resistance mechanisms to heavy metals have been identified including intracellular and extracellular sequestration, exclusion by permeability barrier, efflux pumps, active transport, reduction of heavy metal ions and cellular targets, and enzymatic detoxification [18] . To better understand the mechanisms of tolerance, analysis of the genomes of the heavy metal resistance genes can provide information on the distribution of the heavy metal genes which confer the ability to tolerate the metal contaminations.
Microorganisms have a wide array of different tolerance mechanisms de- pending on the organism as well as the heavy metal involved; each mechanism is specific to particular metals or group of metals. The mechanism of tolerance is also attributed to the concentration of the metals. It has been found that when metals are within the nanomolar range, the main mechanism of tolerance includes the activity of the metallothioneins, a class of proteins that is involved in the uptake and transportation of metals, including zinc [19] . As the concentration of the metals reaches the micro-molar to millimolar range, the mechanisms of tolerance become the enzymatic transformation of the metals in attempts to reduce and detoxify them, as well as the export of the metal particles outside of the cell [19] . As the concentration increases to the molar range, the main mechanism of tolerance that has been identified is the precipitation of the toxic metals, such as the Archaea will utilize [19] . Metals are found within the environment in different concentrations. Gold averages about 1 -5 ppt in natural water [20] , but has been found to reach more than 100 ppb in soils [21] . Free gold ions are found in high abundance in aqueous media since the redox potential of Au (I) and Au (III) exceeds water, which could lead to the toxicity of gold on organisms [20] . To combat the toxicity, bacteria actively transports the gold out of the cytoplasm through means of efflux pumps. As previously mentioned, there are different mechanisms of tolerance especially with each specific metal. For example, Salmonella contains a gol-gene cluster, which codes for a metal exporter, GolT, a transcriptional regulator, GolS, and a metal binding protein GolB. GolS, along with CupR, belongs to the MerR family of regulators that are activated in the presence of heavy metal ions, ranging from the essential ions such as Zn (II) or Cu (I), to the toxic Pb (II) and Au (I) ions. Studies have shown the formation of biofilms, such as Cupriavidus, on deposits of Au, which suggests that Au-specific resistance mechanisms are the mechanisms to survive against gold toxicity. This presents a challenge as each metal has a different mechanism found in the different group of bacteria. In order to design and synthetically construct an effective bioremediation tool, the mechanisms of metal transport and the use of efflux pumps needs to be better characterized in a choice of model microorganism.
Different growth conditions may also affect the cell survivability in response to the toxic metal contaminants. Rhodobacter sphaeroides is a bacterium that belongs the class Alphaproteobacteria within the phylum of Proteobacteria, which contains many species that are able to survive toxic metal conditions, and has been studied previously in heavy metal resistance studies, including within silver and arsenic [16] [18] . In our previous studies, Rhodobacter sphaeroides was analyzed for the survivability and growth characteristics within various concentrations of gold chloride [22] . Gold salts have been shown to be toxic to the bacterial cells at a high concentration, and was used to analyze the survivability within the low contaminations. In this study, the cells were subject to a concentration range of 0.1 -10.0 µM AuCl 3 and the cell density was monitored each day for a total of five days. The experiment included three of the seven growth conditions for the bacterial cells which consisted of aerobic condition 
Materials and Methods

Bacterial Strain, Gold Solution, and Growth Media
The growth media used in this study consisted of Sistrom (SIS) media [23] . The formula for this media includes nitrilotriacetic acid (10 g/l), MgSO 4 ·7H 2 O (29.5
elements, and sodium chloride (5%). This is the minimal media used for R. sphaeroides [24] . Cultures began on solid media plates, and then liquid cultures were inoculated. Throughout the course of the study, R. sphaeroides cells were The chamber, which was placed inside an incubator at 30˚C, was covered with aluminum foil to prevent the light penetrating the chamber.
Gold chloride, AuCl 3 , was purchased in powdered form from Sigma Aldrich.
The stock gold solutions were made by suspending the powder into deionized water to a 1.0 mM concentration. The gold chloride concentrations further discussed were diluted from the stock concentration of 1.0 mM gold chloride to final concentrations of 0.1 µM, 0.5 µM, 1.0 µM, and 10.0 µM.
Sample Preparation
A series of growth kinetics was performed for each concentration under three different growth conditions. For the aerobic growth condition, a sample of R. sphaeroides cells was grown in liquid SIS media until the log phase of growth was obtained (0.6 -0.8 optical density at 600 nm for R. sphaeroides). The log phase of growth has been identified as the optimal growth phase to study metal tolerance [25] . Once the log phase of growth was reached, the cells were contaminated with varying concentrations of gold chloride ranging from 0.0 μM to
The samples were all inoculated with the bacterial cells and the subsequent gold concentrations on the same day, designated as "day zero". The following day, the tubes for the 24-hour time period, "day one" were analyzed, while the rest of the time periods were left untouched. This process repeated until the 120-hour time period, "day five". This methodology allows the samples to remain untouched for the duration of the study. Once all of the tubes were prepared for the aerobic growth condition, the samples were placed in a shaker incubator at 30˚C. The prepared samples for the photosynthetic condition were sealed tightly and placed in a photosynthetic box under a constant 10 Watt light condition. The anaerobic samples were overlaid with sterile mineral oil and then placed in an incubator at 30˚C and covered in aluminum foil to prevent light reaching the tubes. The aerobic growth condition was completed first, then the photosynthetic condition, and then finally anaerobic.
Subcellular Fractionation
To determine the localization of the gold particles, subcellular fractionation was done following the protocol outlined in [26] . The cells of each sample, from the previous experiments, were pelleted by centrifugation at 5000 g for fifteen minutes at 4˚C. The supernatant was collected and labeled as the media fraction.
The pellet was resuspended in SIS media plus 20 µl of cell lysis solution. The sample was sonicated on ice at 50% duty cycle for three, 30 second bursts. The on ice at 50% duty cycle for six, one minute bursts. The samples were centrifuged once more at 10,000 g for 10 minutes at 4˚C; the supernatant was collected and labeled as the membrane fraction. These samples were stored at −20˚C until they could be analyzed.
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
The previously fractioned samples were loaded into the tubes designed for the equipment within the TRIES analytical laboratory. To each 4 ml sample, 80 µl of 2% Nitric Acid was added and mixed by inversion. A standard calibration curve was made using stock concentrations. The stock solutions were made using: 0.0 ml, 0.00246 ml, 0.0049 ml, 0.0492 ml, 0.492 ml, and 4.92 ml of Au concentrate into 25 ml 2% HNO 3 to make the stock concentrations of 0.0 mM, 0.0005 mM, 0.001 mM, 0.01 mM, 0.1 mM and 1.0 mM respectively. The machine was programmed to take the stock concentration readings and then the standard curve was analyzed for any outliers. If any outliers were present, the standard curve was reset. Once the standard curve was linear, the job file was set up through the Smart Analyzer Vision software. A new "method" was constructed and named (Au_only) rev_2. The plasma was turned on within the machine and left to heat up for 30 minutes. The job file was constructed with a series of steps that included: Pre-flush, Iteration One, Flush, Iteration Two, Flush, Iteration Three, Final Flush. This methodology was repeated for each of the samples. The machine calculates the total amount of gold (mg/L) in the average of the three iterations per sample, and each individual iteration for the samples. The data was stored and exported to an excel sheet for further analysis. Statistical analysis on the localization of the gold particles was completed using the repeated measures analysis [27] , as well as the multiple comparison analyses.
Transmission Electron Microscopy (TEM)
R. sphaeroides cells were grown to the log-phase and exposed to 0. 
Statistical Analysis
Statistical analysis on the localization of the gold particles was completed using [27] . Restricted Maximum Likelihood approach was applied to study the effect of Aerobic and Photosynthetic growth condition in varying concentration of gold over time. Since we measured the kinetic growth of bacteria under gold conditions within the Cytoplasm and Membrane for aerobic and photosynthetic conditions by taking some portion of sample of cells each day, the variation in growth was assumed to be dependent across the time. The hypothesis tests for the effect of growth period, growth conditions, gold concentrations, fractions of cells (cytoplasm and membrane) and their interactions were performed considering all fixed effects. Pairwise multiple comparisons of growth time, growth conditions, gold concentrations, fractions of cells (cytoplasm and membrane) were also studied using the difference of least squares means [28] . The approximate t tests and their p-values for all pairwise multiple differences of these variables were calculated to test if there is significant difference in means or not.
Results and Discussion
Localization of Gold Particles within Subcellular Fractions
The localization of the gold particles within the subcellular (cytoplasmic and membrane) fractions can be seen in Figure 1 and Figure 2 below: The results of the localization of the gold particles within the aerobic condition between the cytoplasmic (orange bars) and membrane (grey bars) fractions, reveal no significant difference between the two distinct subcellular fractions.
When the statistical analysis was performed between the two fractions, there was no significant differences found, except where the * denotes a significance factor of (p < 0.05). Within the aerobic growth condition, the localization of the gold particles does not show a signification shift that favors one fraction over the over, and the overall accumulation does not increase in any specific pattern.
In comparing the two growth conditions, the 0. To better understand the tolerance mechanism of R. sphaeroides to gold, or any bacterium with metal resistance, it is important to determine both the uptake kinetics and the spatial and temporal distributions of the gold ions and gold nanoparticles within subcellular fractions of the cell. This information will provide further insight into the mechanism that may be operating within the bacterial cell. There are multiple mechanisms of heavy metal resistance in bacteria which include: active transport through efflux pumps, reduction of the metal ions, the production of an extracellular barrier, as well as intra or extracellular sequestration [29] . However, each of these mechanisms may function independently or coordinate with another mechanism to optimize the metal resistance.
The uptake and localization of the metal particles and/or ions over time can provide support for the mode and the mechanism of metal tolerance mechanisms [30] .
Transmission Electron Microscopy (TEM)
The localization of the gold nanoparticles is shown in Figure 3 
Proposed Mechanism of Tolerance within Rhodobacter sphaeroides
If the transport system is the significant line of defense against the toxic effects of gold biosorption and bioaccumulation, the efflux pump located in the plasma membrane would play an important role in flushing out the excessive gold ions from the cytoplasm, and after a while it allows to maintain a state of equilibrium between the plasma membrane and the cytoplasm [33] . If, however, the cytoplasmic space is equipped with reducing the gold cations into metallic gold and produces bio-nanoparticles of less toxic effects, a net increase in gold particles can be observed in the cytoplasm. It is possible that photosynthetic vesicles within the cytoplasm are involved in the electron transport chain, and therefore the reduction of gold particles can take place there. Three main mechanisms help the bacterial cells to sequester and/or detoxify the heavy metals within the two cellular fractions (cytoplasmic and membrane) of R. sphaeroides. The current study presents the following models of heavy metal resistance in R. sphaeroides as illustrated in Figure 4 depicts the results of the localization of gold under different models. The first mechanism is the sequestration of heavy metals within the internal membrane layer, plasma membrane. The second mechanism includes the reduction of the metallic ions into less toxic metallic forms of bio-nanoparticles in the cytoplasm. The third mechanism is to actively transport the metallic ions into the cytoplasm, take out excessive gold ions from the cytoplasm to outside the cell, and over time an equilibrium is maintained between the membrane and the cytoplasm. The results of the Inductively Coupled Plasma suggest that the accumulation of gold into the bacterial cell increases as the incubation time increases as shown in Figure 1 and Figure 2 . Based on a pilot experiment, it was noted that 86% -95% of the gold that is initially introduced into the culture medium is recovered by the ICP analysis (data not shown). The percentage that is lost is due to precipitation within the machine itself, not a result of the bacterial interaction. Based on this knowledge, it can be seen that as time progresses, the cells are interacting more with the gold and increasingly accumulates the higher amounts.
Conclusion
In conclusion, the localization of the gold particles within R. Upon analysis of the localization study done through ICP, it can be seen how the accumulation changes between the cytoplasmic fraction and into the membrane fraction over the course of time which would possibly indicate the initial accumulation within the cytoplasmic fraction until the effects of the gold particles become too toxic to the cell, at which time the gold particles are shuttled into the membrane to be detoxified. This mechanism of tolerance will be further studied, with a focus on the photosynthetic growth condition, to further valid and characterize the gold tolerance mechanism within Rhodobacter sphaeroides.
